The kanMX4 resistance marker is widely used for Saccharomyces cerevisiae gene deletion and has been used to create a genome-wide deletion mutant collection. Transfer of PCR-amplified marker loci from collection mutants is a very efficient way of introducing mutations into other S. cerevisiae strains of interest. An important limitation of this strategy is that the kanMX4 marker is not easily removed, impairing the construction of multiple gene deletion strains. The MX4blaster is a novel MX4-compatible cassette that facilitates clean or scarless kanMX4 removal. The MX4blaster cassette efficiently replaces the kanMX4 cassette due to shared promoter and terminator sequences. The MX4blaster cassette is removed by the induction of an internal double-stranded break and transformation with a DNA fragment designed to recombine on either side of the cassette in combination with counter selection. Simple and inexpensive media are used for induction and counter selection, mitigating the use of expensive chemicals. Routinely, thirty percent of transformants successfully removed the MX4blaster cassette. The resulting mutants contain no trace of the MX4blaster cassette. The unique properties of the MX4blaster cassette make it an important addition to S. cerevisiae genetic tools, especially in combination with the genome-wide deletion collection.
Introduction
Saccharomyces cerevisiae gene deletion studies often require the deletion of multiple genes, partly because a particular function is often shared among several redundant genes. An extreme example of this was the necessity to delete twenty hexose transporter genes in order to abolish glucose transport in S. cerevisiae (Wieczorke et al., 1999) . Multiple gene deletion can be achieved by replacing genes for different selectable genetic markers through repeated transformations. Although a fair number of markers are now available Gueldener et al., 2002) , these are still limited in number, and each requires a different selection strategy. Marker recycling is therefore essential to effectively perform multiple gene disruptions. The Cre/ LoxP system (Sternberg et al., 1981; Sauer & Henderson, 1988) depends on a specific recombinase that has been used to successfully recycle marker genes placed between LoxP sites for multiple gene deletion (G€ uldener et al., 1996) or overexpression (Johansson & Hahn-H€ agerdal, 2002) . A drawback of this system is that LoxP sites left in the genome by previous gene deletions may interfere with the removal of the marker. The presence of many LoxP sequences inserted into the yeast genome may cause chromosomal instability (Wieczorke et al., 1999) .
For some applications, it is desirable to perform clean gene disruptions or other modifications that leave no traces of foreign DNA in the genome. Counter-selectable markers such as the URA3, LYS2, and amdSYM can in principle be cleanly removed from the genome by intramolecular recombination between direct repeats introduced by long and expensive tailed PCR primers. The selection of cells that excises the cassette from the genome is reached under conditions that make the marker gene toxic to the cell (Chattoo et al., 1979; L€ angle-Rouault & Jacobs, 1995; Solis-Escalante et al., 2013) . Drawbacks of these strategies are that they require expensive chemicals for the counter selection, and the use of URA3 and LYS2 is limited to strains with specific auxotrophic backgrounds. Nevertheless, they allow seamless gene disruptions albeit at a low frequency. The targeting frequency at the locus of the marker gene can be increased by introducing a specific double-stranded break using a rarecutting endonuclease, such as I-SceI (Fairhead & Dujon, 1993) . Delitto perfetto (Storici et al., 2001 (Storici et al., , 2003 ) is a method for in vivo genome modification combining a counter-selectable marker gene and an inducible doublestranded break. The CORE cassette containing a counterselectable marker (URA3) and an inducible endonuclease is integrated into the genome at the desired location. The endonuclease is then expressed to induce a doublestranded break at the location of the cassette to attract the DNA repair machinery. A DNA molecule designed to replace the cassette is transformed to the cells, and counter selection is applied to select against cells still retaining the cassette.
The genome-wide deletion collection was developed by the Saccharomyces Genome Deletion Project (Winzeler et al., 1999) by substituting most genes for a kanMX4 marker gene. As this collection is now available, the most convenient, fastest, and least expensive way to introduce a gene deletion in a particular yeast strain is to transfer a mutant locus from the deletion collection. This deletion transfer is performed by transforming recipient cells with the PCR product of the marker gene from a specific deletion collection strain using primers flanking the marker gene. Primers for deletion transfer are shorter and therefore more efficient and less expensive than the long primers needed for a de novo kanMX4 cassette PCR. This strategy offers distinct advantages over the use of a de novo generated deletion cassette because the regions of homology to the chromosome aiding the targeting of the cassette can be made several hundred base pairs longer.
Unfortunately, deletion collection kanMX4 markers cannot be used repeatedly as they were not designed with any mechanism for their removal. The delitto perfetto CORE cassette is not particularly helpful in this case, because it internally contains a complete kanMX4 or hphMX4 cassette, depending on the configuration, which could interfere with the desirable integration. The use of a URA3 counter-selectable gene in this system also restricts its use to laboratory strains with suitable genotypes.
The aim of this work was the development of a new tool compatible with genome-wide deletion collection for clean gene deletion in S. cerevisiae. The MX4blaster system was designed to integrate and substitute the kanMX4 cassette in the S. cerevisiae genome. To obtain a clean deletion mutant, the MX4blaster cassette can be recycled by transformation with a target DNA fragment containing a fusion of sequences immediately upstream and downstream of the cassette to be deleted. In principle, MX4bla-ster can be repetitively integrated and recycled an unlimited number of times. The MX4blaster cassette contains a hygromycin-selectable marker for selection of cassette integration, a specific homing endonuclease (I-SceI) inducible by low phosphate concentration and a toxic counter-selection gene (GIN11M86) inducible by galactose (Akada et al., 2002) . This design enables the use of any strain background and avoids expensive and specialized chemicals.
We have used the MX4blaster cassette to cleanly delete genes ADE2, FAA1, ADY2, and JEN1 in different strains of S. cerevisiae. The MX4blaster cassette proved to be easily integrated and recycled at a high frequency in each genetic locus tested. The system was also used to create an ady2 and jen1 double mutant with no trace of foreign DNA in the final mutant.
Materials and methods

Strains and media
Plasmids were propagated in Escherichia coli XL1-Blue (Stratagene) and selected in lysogeny broth media supplemented with 100 mg L À1 of ampicillin antibiotic. The yeast strains used in this study are listed in To induce the homing endonuclease I-SceI, cells were grown in LP-YEPD, which is a medium with low phosphate concentration (Kaneko et al., 1982) . The LP-YEPD was prepared by combining 5 g yeast extract, 10 g peptone, 1.23 g MgSO 4 (heptahydrate), and 475 mL deionized water that was stirred until dissolved. Four milliliters of concentrated ammonium hydroxide was added dropwise, and the solution was incubated at room temperature for 30 min to 1 h. The solution was prefiltered using glass fiber filter to remove most precipitate and then filtered using a 0.22-lm nitrocellulose filter. Ten grams of glucose was added prior to setting the pH to 5.8 using concentrated HCl and sterilization by autoclaving. YEPGalactose was prepared as YEPD, but 20 g L galactose was added instead of glucose. YEPGalactose was used to induce the growth inhibitory GAL10-GIN11M86 sequence.
YEPD containing 200 mg L À1 of geneticin (G418) antibiotic (ForMedium TM ) was used to select and maintain strains with kanMX4 cassette inserted in the genome. Solid media containing YNB supplemented with amino acids and 0.5% (v/v) lactic acid or 2% (w/v) glucose were used to test the phenotype of ady2 and jen1 mutants created by the MX4blaster system. Amino acids were supplemented to meet the auxotrophic need of each auxotrophic strain.
PCR conditions and DNA purification
All PCR primers used in this study and their sequences are listed in Table 2 . Primer concentration was 1 lM of each primer in all PCRs. Taq DNA polymerase (Thermo Fisher Scientific Inc.) was used to PCR-amplify the two fragments required to construct the target DNA, and all diagnostic PCRs were performed in this study. For colony PCR, a small cell portion was picked and transferred to a PCR tube and heated for 1 min in a microwave oven to break the cells prior to PCR. The PCRs for the seven fragments used to construct the MX4blaster cassette, the amplification of the entire MX4blaster cassette, and the fusion PCR for target DNA were performed with Phusion â High-Fidelity DNA Polymerase (New England BioLabs â Inc.). Higher annealing temperatures were generally used with Phusion DNA polymerase as recommended by the vendor. Plasmid DNA was purified using GenElute TM Plasmid Miniprep Kit (Sigma-Aldrich â Co. LLC) using the provided protocol. The chromosomal DNA was extracted using the preparation of yeast DNA protocol (Hoffman, 2001 ).
Construction of the pMX4blaster
The MX4blaster cassette was assembled by in vivo homologous recombination between seven PCR-generated DNA fragments (Table 3) and the E. coli/yeast shuttle vector pYPK0 in S. cerevisiae CEN.PK113-5D. The pYPK0 vector contains the yeast 2-l sequence, a URA3-selectable marker, the ampicillin resistance gene, and the colE1 origin of replication (F. Pereira, N.S. Parachin, B. Hahn-H€ agerdal, M.F. Gorwa-Grauslund & B. Johansson, manuscript in preparation). Short stretches of additional DNA were introduced at the end of each PCR-generated fragment by specifically designed tailed primers. The DNA templates and primers used to construct the different cassette components are listed in Table 3 . Each fragment in Table 3 shares terminal homology with the fragment above and below it, except for fragments 1 and 7. Fragment 1 shares a short stretch of homology with the pYPK0, upstream of a unique ZraI site, while fragment 7 shares a short stretch of homology downstream of a unique EcoRV site in the same vector. The seven PCR products were cotransformed with pYPK0 vector that had previously been linearized with restriction endonucleases ZraI and EcoRV. Transformants were selected on minimal solid media containing 2% (w/v) glucose and incubated at 30°C for 3 days. Chromosomal DNA from five to ten single colonies was New tool for clean genome modification in S. cerevisiae extracted, and a set of different analytical PCRs were performed to validate the presence of each cassette component in the right order. The resulting plasmid was designated pMX4blaster.
Confirmation of the structure of MX4blaster cassette
The MX4blaster cassette is outlined in Fig. 1 . The MX4blaster consists in the Ashbya gossypii TEF1 promoter controlling the expression of the Klebsiella pneumoniae hygromycin B phosphotransferase (Hph) gene. The Hph coding sequence is fused to a restriction site for the homing endonuclease I-SceI and the Kluyveromyces lactis KlLEU2/KlNFS1 intergenic sequence. The K. lactis genes KlLEU2 and KlNFS1 are convergently transcribed, so this piece of DNA functions as a bidirectional terminator in the K. lactis genome. The bidirectional terminator is fused to the I-SceI homing endonuclease gene under the control of the PHO5 promoter transcribed in the opposite direction with respect to the Hph coding sequence. Finally, the PHO5 promoter is flanked by the GAL10-GIN11M86 gene and the A. gossypii TEF1 terminator. The sequence of the MX4blaster cassette in the plasmid was 
Synthesis of MX4blaster cassette and transforming DNA
The entire MX4blaster cassette was amplified using MSW_fwd and pFA6aR primers (Table 2 ) and 2% (v/v) of a 100-fold dilution of the purified pMX4blaster plasmid. This PCR product was used for yeast transformation without further purification.
The target DNA was constructed in two PCR steps. First, the flanking regions of ADE2 locus were amplified, upstream with primer A-ade2 and the reverse Sc_ade2_ rev, and downstream with a forward Sc_ade2_fwd and the primer D-ade2. Sc_ade2_rev and Sc_ade2_fwd were designed with tails permitting fusion of the fragments by PCR. Purified chromosomal DNA from CEN.PK113-5D was used as template. The PCR products were purified using the NucleoSpin â Gel and PCR Clean-up kit, and 15 ng of each was used as template for a subsequent PCR where the two fragments were fused in the presence of primers A-ade2 and D-ade2. Two other kinds of transforming DNA fragments were also used to recycle MX4blaster cassette in the ade2:: MX4blaster locus of the MEC4002 strain, kanMX4, and ADE2. The PCR amplification of kanMX4 and ADE2 was performed with primers A-ade2 and D-ade2 and 2% (v/v) of purified chromosomal DNA from Y02384 (ade2:: kanMX4) and CEN.PK113-5D strains, respectively.
MX4blaster integration and recycling
The integration of the MX4blaster cassette into the kanMX4 locus was performed using the lithium acetate transformation protocol (Gietz & Woods, 2002) with approximately 1 lg of MX4blaster PCR product. Transformants were plated on YEPD media with hygromycin and incubated at 30°C for 3 days. Five to ten isolated colonies were picked and inoculated into rich media to extract chromosomal DNA. PCR with primers A-ade2 and D-ade2 using the chromosomal DNA preparations were used to screen for correct integration of the cassette.
To remove the MX4blaster cassette, cells were transformed using a modified protocol. Cells were allowed to duplicate twice prior to transformation, as described in the original protocol. The preculture and the first duplication were performed in HP-YEPD media. Cells were washed with deionized water and allowed to duplicate again in prewarmed LP-YEPD medium. All cells were transformed with approximately 1-1.2 lg of DNA, plated on solid YEPGalactose media, and incubated at 30°C for 3-4 days. To confirm the insertion of transforming DNA, single colonies were replicated on solid YPED with and without hygromycin and incubated at 30°C overnight. Where the MX4blaster was recycled for the kanMX4 cassette, the transformants were also replicated on solid YPED media supplemented with G418 to score the presence of the kanMX4 cassette. A colony PCR was performed with A-ade2 and D-ade2 primers on hygromycin-sensitive clones to verify the loss of the MX4blaster cassette and the integration of the transforming DNA.
The strain where the MX4blaster was recycled at the ade2::MX4blaster locus using target DNA was designated MEC4006 and the genotype ade2D0 in agreement with the nomenclature already in use (Baker Brachmann et al., 1998) for complete deletion mutants. Using three different mutants from the genome-wide deletion collection, Y06477 (faa1::kanMX4), Y03490 (ady2::kanMX4), and Y05067 (jen1::kanMX4), the MX4blaster integration and recycling were realized following the same protocol as described for the ade2D0 construction. The obtained mutants were designated MEC4007 (faa1D0), MEC4008 (ady2D0), and MEC4009 (jen1D0), respectively.
Results and discussion
Integration and recycling of MX4blaster
The insertion of the MX4blaster cassette in the kanMX4 cassette was found to be almost trivial with immediate success for all four deletion loci tested. The MX4blaster Fig. 1 . Schematic representation of the MX4blaster cassette. Each box represents a different cassette component: AgTEF1p -TEF1 promoter from Ashbya gossypii; Hph-Klebsiella pneumoniae hygromycin B phosphotransferase; KlLEU2/KlNFS1 -intergenic sequence from Kluyveromyces lactis; I-SceI -Saccharomyces cerevisiae homing endonuclease I-SceI; PHO5p -PHO5 promoter from S. cerevisiae; GAL10p -GAL10 promoter from S. cerevisiae; GIN11M86 -growth inhibiting sequence (GIN11M86); and AgTEF1t -TEF1 terminator from A. gossypii. The two green boxes represent the extension of homology between the MX4blaster and kanMX4 cassettes. The dashed green box represents the unique sequence of 18 nucleotides, recognized by I-SceI homing endonuclease. New tool for clean genome modification in S. cerevisiae cassette was successfully replaced by various types of transforming DNA (Table 4) . A diagnostic PCR using the flanking primers A-ade2 and D-ade2 was performed on the Y02384 (ade2:: kanMX4) deletion collection strain before (Fig. 2, lane 2) and after insertion of the MX4blaster cassette yielding a longer PCR product from the ade2::MX4blaster locus (Fig. 2, lane 3) . The MX4blaster cassette was replaced by three types of transforming DNA, target DNA (ade2D0), the wild-type ADE2 gene, or the kanMX4 loci flanked by ADE2 loci sequences (ade2::kanMX4). Each replacement shows a diagnostic PCR product of a characteristic length (Fig. 2, lane 4-6 ). PCR products in lanes two and six are of the same size that is expected.
Six independent experiments recycling the MX4blaster cassette for target DNA were performed in MEC4002 (ade2::MX4blaster) cells to evaluate the frequency of replacement (Fig. 3) . The results show that without I-SceI homing endonuclease induction (0-h induction time), the MX4blaster cassette was not replaced by target DNA. After PHO5 promoter induction, the total number of transformants was considerably higher, and the frequency of MX4blaster cassette replacement by target DNA was 20-30% of the total number of colonies able to grow on galactose. Typically, the MX4blaster cassette was recycled in 7-8 clones among 20-30 transformants able to grow in YEPGalactose media (Fig. 3) .
Multiple gene deletion
One of the goals of the MX4blaster cassette was to allow for easy and clean multiple gene disruptions. The MEC4011 (ady2D0 jen1D0) double mutant strain was constructed to demonstrate this point. These specific mutations were selected because Jen1p and Ady2p are lactate transporters, and S. cerevisiae cells lacking these membrane proteins are no longer able to grow on lactic acid as sole carbon source at pH 5.0 (Pacheco et al., 2012) . The MEC4011 double mutant was created in five steps (Fig. 4) . The MEC4008 strain carrying the ady2D0 mutation was used as starting point for JEN1 deletion 
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The cassette was replaced with three different types of transforming DNA fragments, kanMX4, the corresponding wild-type gene from each locus (Wt gene), or target DNA, which is a short-fusion PCR product designed to recombine on each side of the cassette. U, MX4blaster cassette successfully removed; -, Experiment not conducted. ( Fig. 4a) . The kanMX4 cassette was amplified from chromosomal DNA of a deletion collection Y05067 strain with primers A-jen1 and D-jen1 and was inserted in the genome of MEC4008 strain replacing JEN1. The kanMX4 genome insertion was confirmed by PCR screening using A-jen1 and D-jen1 primers. The kanMX4 cassette in MEC4012 (ady2D0 jen1::kanMX4) strain was substituted for MX4blaster cassette obtaining the MEC4010 (ady2D0 jen1::MX4blaster) strain. The MX4blaster cassette genome insertion following excision was performed using the same protocol as described for the creation of the clean single mutant (Fig. 4b) .
Subsequently, growth assays were performed by spotting the cells in serial dilutions on solid media with 0.5% (v/v) of lactic acid or with 2% (w/v) of glucose as sole carbon source to test the phenotype of the double mutant (Fig. 5) .
The JEN1 single mutants MEC4005 (jen1::MX4blaster) and MEC4009 showed the same phenotype as the deletion collection Y05067 strain. The ADY2 mutants showed stronger growth with lactic acid than the JEN1 single mutants (Pacheco et al., 2012) . The ADY2 strains constructed MEC4004 (ady2::MX4blaster) and MEC4008 showed the same phenotype as the deletion collection New tool for clean genome modification in S. cerevisiae mutant Y03490. The growth of the double deletion mutant MEC4011 was weaker than that of any of the single mutants as expected (Pacheco et al., 2012) .
Conclusions
While the MX4blaster cassette is in some ways functionally equivalent to the delitto perfetto CORE cassette, it does have a number of advantages that may be decisive in some cases. The MX4blaster cassette shares homology with the kanMX4 locus in the form of the A. gossypii TEF1 promoter and terminator (Wach et al., 1994) . The CORE cassette internally contains a complete hphMX4 cassette, which would be expected to more efficiently integrate alone, resulting in a partial integration and loss of most of the CORE cassette. The MX4blaster cassette should therefore more efficiently integrate into the kanMX4 locus in most cases. For this same reason, the MX4blaster cassette can also be used with cassette specific tailed primers originally designed for kanMX4 or other MX4-based cassettes. The 18-bp target site for the homing endonuclease I-SceI is incorporated into the delitto perfetto cassette in the PCR process by a specifically designed approximately 80-to 90-bp-long primer, while it is present internally in the MX4blaster cassette. This meant that the MX4blaster cassette can be targeted using shorter and less expensive primers. The counter selection provided by the GAL10-GIN11M86 gene is in principle similar to the one provided by the GAL10-p53 gene used in a version of the CORE cassette that does not induce a double-stranded break (Storici & Resnick, 2006) . However, counter selection using GAL10-p53 seems to be less efficient than with GAL10-GIN11M86, because several consecutive replica platings are required under selective conditions (Storici & Resnick, 2006) for the toxic effect of the GAL10-p53 gene to be evident. Induction and counter selection are performed without specialized or expensive chemicals such as 5-FOA. The MX4blaster cassette may potentially increase the practical value of the genome deletion collection as a series of deletions might be quickly transferred to a strain of interest and subsequently removed only in mutants where further gene deletions are desired.
